A simulation of coherent and super-radiant Smith-Purcell radiation is performed in the gigahertz regime using a three-dimensional particle-in-cell code. The simulation model supposes a rectangular grating to be driven by a single electron bunch and a train of periodic bunches, respectively. The true Smith-Purcell radiation is distinguished from the evanescent wave, which has an angle independent frequency lower than the minimum allowed Smith-Purcell frequency. We also find that the super-radiant radiations excited by periodic bunches are emitted at higher harmonics of the bunching frequency and at the corresponding Smith-Purcell angles.
The super-radiant Smith-Purcell ͑SP͒ radiation has attracted many attentions since Walsh and co-workers observed this phenomenon in their experiments. 1, 2 It is a promising alternative in the development of compact, tunable, and high power terahertz sources. It is important to better understand the physics of the super-radiant SP radiation as it is necessary for improving the performance of such kinds of devices.
It is known that the SP radiation is emitted as an electron passes close to the surface of a periodic metallic grating. 3 The wavelength of the radiation observed at the angle measured from the direction of electron beam is given by
where d is the grating period, ␤c the electron velocity, c the speed of light, and n the order of the reflection from the grating. The experimentally observed super-radiant effect is regarded as the result of the appearance of periodic electron bunches. Several theories have been proposed to understand the physics of the super-radiant phenomenon, 4-8 and a threedimensional simulation is supposed to be necessary.
In this letter, we perform a three-dimensional particle-incell simulation for the coherent and super-radiant SP radiation using MAGIC, 9 a code for simulating processes involving interactions between space charge and electromagnetic fields.
The simulation model involving a rectangular grating and a cylindrical electron beam is shown in Fig. 1 , and the main parameters are summarized in Table I . The grating, assumed to be a perfect conductor, is set in the center of the bottom of a vacuum box bounded by an absorption region. A perfect laminar beam produced from a cathode moves in the z axis. The simulation area is divided into a mesh with a rectangular cell of very small size in the region of beam propagation and large in the rest.
We first perform the simulation of a single electron bunch with the length of 0.1 ps. The bunch is short compared to the radiation wavelength, so the radiation is coherent. In our simulation, besides the observation of SP radiation we also find the evanescent wave radiated from both ends of the grating at a frequency of 4.5 GHz, independent of angle and lower than the minimum allowed SP frequency as mentioned in Ref. 10 . The dependency of the SP frequency and the amplitude of B y on the angle is as shown in Fig. 2 , observed at the distance of 36.35 cm to the center of the grating. For comparison, we also plot the analytical result calculated from the theory of Andrews et al. 11 It is seen that the a͒ Author to whom correspondence should be addressed; electronic mail: dazhiគli@hotmail.com simulation data for the SP radiation frequency agree well to the theoretical curve as over 90°, somehow discrepancy appears for the rest. Our best guess is that the detector is not far enough for far-field detection. There are slight differences between the analytical and simulation results, which might be due to the fact that we used a broad electron beam that nearly reaches the grating, whereas they used a narrow electron beam model. In Fig. 3 , we give the distribution of field amplitude with respect to the azimuthal angle . In all radiation sources using an intense electron beam, the mechanism leading to super-radiance is beam bunching. The spectral intensity of the radiation is enhanced at the bunching frequency and its harmonics. Recently Korbly et al. have carried out a SP experiment at MIT using a prebunched electron beam. 12 When some conditions are satisfied, a continuous beam can be bunched by the interaction with the evanescent wave, which has been discussed by Donohue and Gardelle. 13 In order to demonstrate the properties of super-radiant radiation more clearly, we generate a train of bunches to drive the grating.
The repetition frequency of bunches is chosen as 3 GHz, and the parameters for each single bunch are the same as those mentioned earlier. Within the time of code running, 30 bunches are generated and enter the simulation area. From the fast Fourier transform ͑FFT͒ of the temporal behavior observed by B y detectors we know that the radiation focused on three frequencies, the second, third, and fourth harmonics of bunching frequency, as shown in Fig. 4 . The dominant radiation is the second harmonic peaked at the angle of 134°, which corresponds to Eq. ͑1͒. Also plotted in Fig. 4 is the analytical result according to Ref. 11, and we find the differences are smaller than one order of magnitude.
